Objectives-The purpose of this study was to investigate sonographic findings according to the pathophysiologic type in patients with carpal tunnel syndrome.
O ver the last decade, sonography has been increasingly used in the evaluation of entrapment syndromes and peripheral neuropathies. 1 Sonography can be used to observe nerve swellings proximal to the sites of compression, as well as changes in echo texture. Swollen nerves have ambiguous outer margins and a homogeneous hypoechoic appearance, owing to the loss of the honeycomblike fascicular pattern. On longitudinal scans, an abrupt caliber change and spindlelike swelling of the compressed nerve segment are observed. [2] [3] [4] The cross-sectional area and distal-to-proximal cross-sectional area ratio are the most frequently used parameters for assessing nerve compression on sonography. [5] [6] [7] We hypothesized that nerve size parameters, such as the crosssectional area and cross-sectional area ratio measured by sonography, correlate with the nerve pathophysiologic type (ie, conduction block or axonal degeneration). A few previous studies have evaluated sonographic findings in nerves and their relationships with pathophysiologic types, as assessed electrophysiologically. Among the studies comparing electrophysiologic and sonographic data in patients with ulnar neuropathy at the elbow, several have reported that axonal nerve lesions lead to greater nerve swelling than demyelinating lesions do. 8, 9 One study reported a correlation between sonographic and neurophysiologic findings in patients with common fibular neuropathies at the fibular head, where axonal damage was frequently accompanied by an increase in the cross-sectional area. 10 We used carpal tunnel syndrome as a model for compression neuropathy and evaluated sonographic findings on the basis of pathophysiologic findings. Considering the more insidious onset and chronic features of carpal tunnel syndrome when compared with other entrapment neuropathies, we conducted this study to find more differences and to obtain more information than previous studies. To our knowledge, a study evaluating sonographic findings and nerve pathologic findings in patients with carpal tunnel syndrome has not been reported previously. Nerve size parameters, as assessed by sonography, were compared between patients with predominant demyelination and those with axonal degeneration. The aim of our study was to investigate the correlation between sonographic and neurophysiologic findings in patients with carpal tunnel syndrome according to their pathophysiologic subtype.
Materials and Methods

Study Design and Patients
The study protocol was approved by the Institutional Review Board of our institution. The study was performed retrospectively, and informed consent was waived. We retrospectively reviewed all patients with carpal tunnel syndrome evaluated in our electrodiagnosis laboratory from January 2014 to June 2015. Inclusion criteria were as follows: (1) a clinical diagnosis of carpal tunnel syndrome based on the American Academy of Neurology clinical diagnosis criteria (paresthesia, pain, swelling, weakness, or clumsiness of the hand that was provoked or worsened by sleep, a sustained hand or arm position, or repetitive action of the hand or wrist and mitigated by changing posture or shaking the hand, accompanied by a sensory deficit or hypotrophy of the median innervated thenar muscle) 11 ; (2) an electrophysiologic diagnosis of carpal tunnel syndrome; and (3) a concomitant sonographic evaluation of the median nerve (performed on the same day as the electrophysiologic evaluation).
We excluded patients with underlying diseases leading to nerve hypertrophy (such as chronic inflammatory demyelinating polyneuropathy, hereditary neuropathy with liability to pressure palsy, Guillain-Barr e syndrome, and Charcot-Marie-Tooth disease) and those with accompanying polyneuropathy (such as diabetic polyneuropathy or toxic neuropathy) or previous injuries to the median nerve.
Based on the electrophysiologic findings, patients were classified into 3 groups: (1) conduction block and conduction delay; (2) axonal degeneration; and (3) mixed.
Electrodiagnosis
Electrodiagnosis was performed with a Counter Point MK2 machine (Dantek, Copenhagen, Denmark). The skin temperature was controlled during the nerve conduction study and was maintained at 328C or higher. Nerve conduction studies and needle electromyography were performed by standard methods. For the diagnosis of carpal tunnel syndrome, the median compound motor action potential (CMAP) was recorded over the abductor pollicis brevis muscle with median nerve stimulation 8 cm proximal to the active recording electrode. The onset latency and baseline-to-peak amplitude were measured. The median sensory nerve action potential (SNAP) was recorded antidromically with a bar electrode (anode-cathode distance, 3 cm) over the third digit with median nerve stimulation performed at 2 points, 7 cm proximal to the recording electrode in the palm and 14 cm proximally at the wrist. The onset, peak latency, and baseline-to-peak amplitude were measured. Carpal tunnel syndrome was diagnosed if the nerve conduction study fulfilled 3 of the following criteria 12, 13 : (1) median SNAP peak latency of greater than 3.7 milliseconds; (2) SNAP conduction time of the proximal 7-cm segment of greater than the conduction time of the distal 7-cm segment; (3) a low SNAP amplitude; (4) a conduction block with a SNAP amplitude drop of greater than 50% on wrist stimulation compared with palm stimulation; (5) a median CMAP distal latency of greater than 4.2 milliseconds; and (6) a CMAP amplitude of less than 4.5 mV.
We collected SNAP data from age-matched control participants without carpal tunnel syndrome and set reference values for normal SNAPs for each age group. We defined an abnormal SNAP as one below the fifth percentile in each age group. We used these reference values to define whether each patient's SNAP amplitude was within normal limits (Table 1) .
Patients were classified into group 1 (conduction block and latency delay) if their distal SNAP was within normal limits and their wrist-to-palm SNAP ratio was less than 50%. They were classified into group 2 (axonal degeneration) if both their palm and wrist SNAPs were low and their wrist-to-palm SNAP ratio was greater than 50%. Finally, patients were classified into group 3 (mixed type) if both their palm and wrist SNAPs were low and their wrist-to-palm SNAP ratio was less than 50%. The CMAP has generally been used to evaluate conduction blocks. However, in carpal tunnel syndrome, it is possible to make an error in measuring the CMAP amplitude ratio across the wrist, as CMAPs recorded at the abductor pollicis brevis may be contaminated by costimulation of the ulnar nerve at the palm. Therefore, we used the SNAP amplitude ratio to evaluate the conduction block.
Sonographic Evaluation
Sonography was performed with an HD15 diagnostic ultrasound imaging system (Philips Healthcare, Bothell, WA) equipped with a 12.5-MHz linear array transducer. The transducer was always kept perpendicular to the median nerve to avoid anisotropy. No additional force was applied other than the weight of the probe, and the wrist was kept in a neutral position to avoid inducing any artificial nerve deformity. The volar wrist crease and the pisiform bone were used as initial external reference points and landmarks during scanning.
The median nerve was imaged in an axial plane at 2 locations: the distal wrist crease and the distal third of the forearm (10 cm proximal to the distal wrist crease). Cross-sectional area measurements were performed at the inner border of the thin hyperechoic epineural rim by a continuous tracing technique. The transducer was held at an angle at which the nerve appeared the brightest with the best discernible outer margins. The wrist-toforearm ratio was calculated from the cross-sectional area values measured at the above locations (Figures 1  and 2 ).
Statistical Analyses SPSS version 12 software (IBM Corporation, Armonk, NY) was used for the statistical analyses. Descriptive statistics were calculated for crosssectional area, wrist-to-forearm ratio, and demographic variables. Differences among the 3 groups were assessed by Kruskal-Wallis tests, and differences between any 2 groups were identified by MannWhitney U tests. The results are shown as mean 6 standard deviation. Statistical significance was defined as P < .05. Spearman correlation analyses with adjustments for age and sex were also performed to examine the correlations between sonographic Data are presented as mean 6 SD where applicable. Figure 1 . Placement of the ultrasound transducer at the forearm. A transverse sonographic scan was performed at 2 different levels. The cross-sectional areas of the median nerve were measured at the distal wrist crease (A) and at a point 10 cm proximal to this level, the distal forearm (B).The A-to-B ratio was calculated.
measurements of the median nerve and electrodiagnostic parameters in patients with carpal tunnel syndrome.
Results
Demographic Characteristics of the 3 Groups
A total of 148 hands from 80 patients were included in the analysis. The mean age of the patients was 57.1 (range, 29-83) years. Demographic variables are presented in Table 2 . Table 3 summarizes the electrophysiologic findings of the patients. The mean cross-sectional area and wrist-toforearm ratio of the median nerve for each group are shown in Table 4 . Patients with axonal degeneration (groups 2 and 3) had significantly larger cross-sectional areas and wrist-to-forearm ratios than those with predominant conduction blocks and conduction delays (group 1). There were no significant differences in the cross-sectional area and wrist-to-forearm ratio between the groups with axonal degeneration (groups 2 and 3). There was an association between an increased wrist-to-forearm ratio and a reduced SNAP amplitude stimulated at the palm, which reflects the degree of axonal degeneration. Statistical analysis revealed a significant inverse correlation between the SNAP amplitude stimulated at the palm and wrist-to-forearm ratio (r 5 20.224; P 5 .006; Figure 3 ).
Electrophysiologic and Sonographic Findings
Discussion
There have been increasing reports of focal swelling and changes in the echo texture of entrapped nerves in patients with carpal tunnel syndrome 2,14,15 and ulnar neuropathy 1, 3 in the last decade. Our study was especially focused on sonographic evaluation of patients with carpal tunnel syndrome according to the pathophysiologic type: conduction block or axonal degeneration.
We found statistically significant differences in the cross-sectional area and wrist-to-forearm ratio of the median nerve between the groups with axonal degeneration (groups 2 and 3) and patients with conduction blocks (group 1). The mean cross-sectional area values were smallest in group 1. These results are in accordance with many previous studies reporting that abnormal nerve function in various pathologic conditions is correlated with nerve cross-sectional area enlargement. 4, 15 Our results are also consistent with a few previous reports describing sonographic findings and their correlations with pathophysiologic types. 9, 10 Several studies have reported that axonal nerve lesions lead to greater nerve swelling than demyelinating lesions do. 8, 9 One study reported a correlation between sonographic and electrophysiologic findings in patients with common fibular neuropathy at the fibular head and found that axonal damage was frequently accompanied by an increase in the cross-sectional area. 10 A review of the literature indicates that enlargement of the cross-sectional area in the damaged nerve is mainly considered to be the result of edema, inflammation, secondary remyelination, and fibrosis. 16, 17 Axonal damage is associated with intraneuronal inflammation and fibrosis. 18 The increased cross-sectional area in axonal lesions and the hypoechoic appearance of entrapped nerves may be explained by experimental reports showing that axonal degeneration is associated with more evident endoneural edema. 19 We believe that this factor may explain the higher frequency of reports of increased cross-sectional areas in patients with axonal degeneration and mixed damage than in those with pure conduction blocks.
An analysis of correlations between the sonographic measurements of the median nerve and the electrodiagnostic parameters revealed inverse correlations between SNAP amplitudes and wrist-to-forearm ratios. However, there was no association between the reduced amplitude of the SNAP stimulated at the palm and the crosssectional area at the distal wrist crease. A previous study reported that the wrist-to-forearm ratio was elevated in patients with carpal tunnel syndrome, and the use of this measurement may be superior to using the median nerve cross-sectional area at the wrist alone, as it helps eliminate issues of variability between populations because the patients serve as their own internal controls. 20 Therefore, we assumed that the SNAP amplitude was correlated with the wrist-to-forearm ratio rather than the cross-sectional area itself. The correlation between the median nerve SNAP amplitude and wristto-forearm ratio was statistically significant. However, the correlation was only 20.22, which did not reach the level of clinical significance (r > 0.70). There may be factors such as age, sex, body mass index, and symptom duration associated with this correlation.
Although our study had limitations because of its retrospective design, to our knowledge, it was the first study focused only on the correlation between sonographic and pathophysiologic classifications in carpal tunnel syndrome. We found that the cross-sectional area and wrist-to-forearm ratio were associated with the pathophysiologic type of carpal tunnel syndrome, with greater nerve swelling observed in patients with axonal degeneration that those with conduction block lesions. On the basis of a literature review and our results, we hypothesize that conduction blocks may yield different sonographic findings than axonal degeneration. A pure conduction block usually has a better prognosis than axonal damage, 21 which suggests that sonography may be used as a prognostic tool in patients with carpal tunnel syndrome. A normal cross-sectional area may indicate a better prognosis.
In conclusion, the cross-sectional area and wrist-toforearm ratio are associated with the pathophysiologic type of carpal tunnel syndrome, with larger nerve swellings in patients with axonal degeneration compared with those with conduction block lesions. In addition to helping localize nerve lesions, sonography may indicate the type of nerve lesion as assessed by electrophysiologic means and may have a partial role in the prediction of the prognosis. We believe that although sonography may not be able to replace an electrophysiologic examination as a tool for the diagnosis of carpal tunnel syndrome, it can give us additional information regarding lesion characteristics. Well-designed focused prospective studies are needed to obtain a more comprehensive view of carpal tunnel syndrome and to confirm the role of sonography in reaching therapeutic decisions and determining prognoses.
